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3D co-cultures of osteoblasts and endothelial cells in DegraPol
foam: Histological and high field MRI analyses of
pre-engineered capillary networks in bone grafts
Abstract
Tissue engineering of bone grafts was addressed in a critical size model on the chick chorioallantoic
membrane model (CAM assay), using DegraPol(R) (DP) foam as scaffold material. The scaffolds were
seeded with cultures of human osteoblasts (OB) and human en notdo notthelial cells (EC), respectively,
or with a co-culture of the two cell types (control: no cells). In vitro samples (7 days cultivation) and ex
vivo CAM samples at incubation day 15 (ID 15) were analyzed by high field magnetic resonance
imaging (MRI) and histology. The co-culture system performed best with respect to perfusion, as
assessed by contrast-enhanced MRI using Gd-DTPA. The scaffold seeded by the co-culture supported
an increased vascular ingrowth, which was confirmed by histological analysis. DP foam is a suitable
scaffold for bone tissue engineering and the MRI technique allows for non-destructive and quantitative
assessment of perfusion capability during early stages of bone forming constructs.
1 
 1
3D co-cultures of osteoblasts and endothelial cells in DegraPol foam: 
Histological and high field MRI analyses of pre-engineered capillary networks in bone 
grafts 
 
Johanna Buschmann, Ph.D.1*, Manfred Welti1, Sonja Hemmi1, Peter Neuenschwander, Ph.D.2, 
Christof Baltes, Ph.D.3,  Pietro Giovanoli, M.D.1, Markus Rudin, Ph.D.3, 4, Maurizio Calcagni, 
M.D.1 
 
1University Hospital Zurich, ZKF, Sternwartstrasse 14, 8091 Zurich, Switzerland 
2 ab medica, Via Nerviano 31, Lainate (Milan), Italy 
3 Institute for Biomedical Engineering, University of Zurich and ETH Zurich, AIC-ETH 
Hönggerberg, HIT E22.3, Wolfgang-Pauli-Str. 10, 8093 Zurich, Switzerland 
4 Institute of Pharmacology and Toxicology, University of Zurich, Winterthurerstrasse 190, 
8057 Zurich, Switzerland 
 
 
*corresponding author: johanna.buschmann@usz.ch  
 
The work was performed at the University Hospital Zurich, ZKF, Sternwartstrasse 14, 8091 
Zürich, Switzerland. 
 
 
 
Submitted to: 
Tissue Engineering Part A 
May 11, 2010 
Page 1 of 36 
Ti
ss
ue
 E
ng
in
ee
rin
g 
Pa
rt 
A
3D
 c
o-
cu
ltu
re
s o
f o
ste
ob
la
sts
 a
nd
 e
nd
ot
he
lia
l c
el
ls 
in
 D
eg
ra
Po
l f
oa
m
: H
ist
ol
og
ic
al
 a
nd
 h
ig
h 
fie
ld
 M
RI
 a
na
ly
se
s o
f p
re
-e
ng
in
ee
re
d 
ca
pi
lla
ry
 n
et
w
or
ks
 in
 b
on
e 
gr
af
ts 
(do
i: 1
0.1
08
9/t
en
.T
EA
.20
10
.02
78
)
Th
is 
ar
tic
le
 h
as
 b
ee
n 
pe
er
-re
vi
ew
ed
 a
nd
 a
cc
ep
te
d 
fo
r p
ub
lic
at
io
n,
 b
ut
 h
as
 y
et
 to
 u
nd
er
go
 c
op
ye
di
tin
g 
an
d 
pr
oo
f c
or
re
ct
io
n.
 T
he
 fi
na
l p
ub
lis
he
d 
ve
rs
io
n 
m
ay
 d
iff
er
 fr
om
 th
is 
pr
oo
f.
2 
 2
Contact information: 
 
Johanna Buschmann, Ph.D. (corresponding author) 
Phone:  +41 44 255 98 95 
Fax:  +41 44 255 50 47 
E-mail: johanna.buschmann@usz.ch 
 
Manfred Welti 
Phone:  +41 44 255 34 16 
Fax:  +41 44 255 50 47 
E-mail: manfred.welti@usz.ch 
 
Sonja Hemmi 
Phone:  +41 44 255 22 13 
Fax:  +41 44 255 50 47 
E-mail: sonja.hemmi@usz.ch 
 
Peter Neuenschwander, Ph.D. 
Phone:  +41 56 222 36 71 
Fax:  +41 44 255 50 47 
E-mail: p.neuen@bluewin.ch 
 
Page 2 of 36
Ti
ss
ue
 E
ng
in
ee
rin
g 
Pa
rt 
A
3D
 c
o-
cu
ltu
re
s o
f o
ste
ob
la
sts
 a
nd
 e
nd
ot
he
lia
l c
el
ls 
in
 D
eg
ra
Po
l f
oa
m
: H
ist
ol
og
ic
al
 a
nd
 h
ig
h 
fie
ld
 M
RI
 a
na
ly
se
s o
f p
re
-e
ng
in
ee
re
d 
ca
pi
lla
ry
 n
et
w
or
ks
 in
 b
on
e 
gr
af
ts 
(do
i: 1
0.1
08
9/t
en
.T
EA
.20
10
.02
78
)
Th
is 
ar
tic
le
 h
as
 b
ee
n 
pe
er
-re
vi
ew
ed
 a
nd
 a
cc
ep
te
d 
fo
r p
ub
lic
at
io
n,
 b
ut
 h
as
 y
et
 to
 u
nd
er
go
 c
op
ye
di
tin
g 
an
d 
pr
oo
f c
or
re
ct
io
n.
 T
he
 fi
na
l p
ub
lis
he
d 
ve
rs
io
n 
m
ay
 d
iff
er
 fr
om
 th
is 
pr
oo
f.
3 
 3
Christof Baltes, Ph.D. 
Phone:  +41 44 633 76 64 
Fax:  +41 44 633 11 87 
E-mail: cbaltes07@gmail.com 
 
Pietro Giovanoli, M.D., Ph.D. 
Phone:  +41 44 255 33 39 
Fax:  +41 44 255 44 25 
E-mail:  pietro.giovanoli@usz.ch 
 
Markus Rudin, Ph.D. 
Phone:  +41 44 633 76 04 
Fax:  +41 44 633 11 87 
E-mail: rudin@biomed.ee.ethz.ch 
 
Maurizio Calcagni, M.D. 
Phone:  +41 44 255 35 40 
Fax:  +41 44 255 44 25 
E-mail: maurizio.calcagni@usz.ch 
 
 
Page 3 of 36 
Ti
ss
ue
 E
ng
in
ee
rin
g 
Pa
rt 
A
3D
 c
o-
cu
ltu
re
s o
f o
ste
ob
la
sts
 a
nd
 e
nd
ot
he
lia
l c
el
ls 
in
 D
eg
ra
Po
l f
oa
m
: H
ist
ol
og
ic
al
 a
nd
 h
ig
h 
fie
ld
 M
RI
 a
na
ly
se
s o
f p
re
-e
ng
in
ee
re
d 
ca
pi
lla
ry
 n
et
w
or
ks
 in
 b
on
e 
gr
af
ts 
(do
i: 1
0.1
08
9/t
en
.T
EA
.20
10
.02
78
)
Th
is 
ar
tic
le
 h
as
 b
ee
n 
pe
er
-re
vi
ew
ed
 a
nd
 a
cc
ep
te
d 
fo
r p
ub
lic
at
io
n,
 b
ut
 h
as
 y
et
 to
 u
nd
er
go
 c
op
ye
di
tin
g 
an
d 
pr
oo
f c
or
re
ct
io
n.
 T
he
 fi
na
l p
ub
lis
he
d 
ve
rs
io
n 
m
ay
 d
iff
er
 fr
om
 th
is 
pr
oo
f.
4 
 4
Abstract 
 
Tissue engineering of bone grafts was addressed in a critical size model on the chick 
chorioallantoic membrane model (CAM assay), using DegraPol® (DP) foam as scaffold 
material. The scaffolds were seeded with cultures of human osteoblasts (OB) and human en-
dothelial cells (EC), respectively, or with a co-culture of the two cell types (control: no cells). 
In vitro samples (7 days cultivation) and ex vivo CAM samples at incubation day 15 (ID 15) 
were analyzed by high field magnetic resonance imaging (MRI) and histology. The co-culture 
system performed best with respect to perfusion, as assessed by contrast-enhanced MRI using 
Gd-DTPA. The scaffold seeded by the co-culture supported an increased vascular ingrowth, 
which was confirmed by histological analysis. DP foam is a suitable scaffold for bone tissue 
engineering and the MRI technique allows for non-destructive and quantitative assessment of 
perfusion capability during early stages of bone forming constructs. 
 
Key words  bone graft, high field MRI, DegraPol® foam, scaffold 
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Introduction 
 
There is a clinical need for bone grafts in order to treat bone defects after fracture, osteoporo-
sis or after operation of malignant bone tumors [1]. A desirable and useful bone graft has a 
long implant life with complete tissue integration and similar mechanical properties compared 
to natural bone. However, up to date, available bone grafts are very limited with respect to 
size and appropriate 3D architecture, so that healthy bone has to be removed and used as 
autograft in bone reconstruction, which has the disadvantage of donor site morbidity and lim-
ited availability. 
 
Tissue Engineering of artificial bone grafts generally consists of seeding cells onto a synthetic 
or natural scaffold. For example, a hydroxylapatite composite is seeded with bone cells. Os-
teogenic cells can be obtained by extraction from natural bone or by differentiation of stem 
cells [2-5]. More sophisticated artificial bone grafts include the pre-engineered capillary net-
work by additional endothelial cells [6]. Such bone grafts have been shown to result in signifi-
cantly better biomechanical characteristics. While a poly-ε-caprolactone-hydroxyapatite 
seeded only with bone cells resulted in a stiffness of 0.054 ± 0.025 GPa, a three-day-in ad-
vance injection of endothelial cells to the same graft improved the stiffness up to 0.206 ± 
0.036 GPa [7]. Moreover, the ultimate strength for the bone graft pre-treated with endothelial 
cells was 0.728 ± 0.092 MPa compared to 0.450 ± 0.066 MPa for the osteoblast-only graft [7]. 
 
The challenge of a pre-engineered capillary network has been focused by several other re-
search groups. Fuchs et al. showed that discs of silk coated with fibronectin and a step-by-
step seeding of osteoblasts and of endothelial cells the day after formed highly organized pre-
vascular structures [8]. Another method described by Finkenzeller et al. includes endothelial 
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cell spheroids [9-11] that are co-cultured with osteoblasts in a fibrinogen drop and seeded 
onto processed bovine cancellous bone [12]. 
 
Such results are promising with respect to tissue engineering of critical size bone grafts. A 
central problem in bone reconstruction is the size of the graft. In large bone defects treated by 
voluminous grafts the majority of cells often fail to survive caused by the insufficient perfu-
sion – resulting in cartilage formation or even in ischemic necrosis. In contrast, critical size 
bone grafts equipped with an engineered capillary network provide microvessels anastomos-
ing with host vessels – enabling immediate blood flow after implantation. 
 
In this study, we chose DegraPol® (DP) foam as scaffold. The biocompatibility of DP with 
osteoblasts has been shown earlier [13]. In addition, the polyester-urethane is biodegradable, 
which allows manifold medical applications [14-18]. As a first step on the way to critical size 
bone grafts based on DP foam we seeded the scaffolds with human osteoblasts, human 
endothelial cells or a mixture of both. The aims of the study were (i) to test DP foam as a 
suitable scaffold for bone grafts with a pre-engineered capillary network induced by a co-
culture of osteoblasts and endothelial cells, (ii) to examine the hypothesized advantage of a 
mixture of osteoblasts and endothelial cells compared to mono-cultures with respect to perfu-
sion and (iii) to check MRI suitability as an analytical tool for quantification of blood perfu-
sion during early bone formation in a tissue engineered construct using the chorioallantoic 
membrane model (CAM assay) ex vivo. 
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Materials and Methods 
 
 Scaffolds 
 
The synthetic polyester-urethane DP is biocompatible and biodegradable. DP discs (diameter 
1 cm, thickness 3 mm) were obtained from ab medica, Italy. They were soaked in 
cyclohexane (Fluka, puriss.) and frozen at -20°C overnight. They were cut into eight equal 
parts immediately after removal from the freezer. The pieces had a volume of ~ 30 mm3 and 
were dried at room temperature (evaporation of cyclohexane). DP was sterilized with 
ethylenoxide. Afterwards, DP was washed with water (Aqua B. Braun, Ecotainer plus, non-
pyrogenic, sterile) and immediately soaked in α MEM (see below). 
 
 Cell cultures 
 
Human osteoblasts (OB) were isolated from bone (spine) of one patient (female, 15 years, no 
pathology) according to [19] and cultured in α MEM medium (Biowest, Teco Medical, 
Sissach, Switzerland), complemented by 20% of fetal bovine serum (FBS) (Biowest, Teco 
Medical, Sissach, Switzerland) and 50 μg mL-1 gentamycine (Biowest, Teco Medical, Sissach, 
Switzerland). Human endothelial cells (EC) were obtained by isolation from arteria thoracica 
interna according to [20] with the consent of the patient (female, 53 years, no pathology) 
according to Swiss ethical guidelines. They were cultured in α MEM medium with 20% of 
FBS and 50 μg mL-1 gentamycine. OB and EC phenotyping was characterized according to 
established procedures [19, 20]. Only OB and EC from second to forth passage were used for 
seeding the scaffolds. 
 
 Graft preparation, 3D cultures 
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The DP pieces were soaked in α MEM medium with 20% of FBS and 50 μg mL-1 gentamy-
cine for 15 min and dried before they were coated with collagen I (100 μg mL-1 PBS) for 15 
min and dried again. For series (a) 1 x 106 OB, (b) 1 x 106 EC and (c) a mixture of 5 x 105 OB 
and 5 x 105 EC in 100 – 150 μL cell culture medium were seeded on the DP foam and ab-
sorbed by the material (scaffold without cells as control). The seeded scaffolds and the 
controls were cultivated in α MEM medium with 20% of FBS and 50 μg mL-1 gentamycine 
for 7 days in a humidified atmosphere of 95% air and 5% CO2 at 37°C. 
 
 CAM assay: Implantation of scaffolds onto the CAM 
 
Fertilized Lowman white LSL chick eggs (Animalco AG Geflügelzucht, Hermenweg 21, 
5603 Staufen, Switzerland) were incubated at 37°C and 65% relative humidity (constant 
during the whole experiment) for 3.5 days. Then, the egg shell was removed and the embryo 
and all remaining parts were carefully placed into a 6cm-diameter O2-permeable plastic bowl 
(No 710.0, Thermoflex, Switzerland) (ex ovo technique). The eggs were incubated for another 
4.5 days. At ID 8, the scaffolds were carefully put on top of the CAM after minimally 
scratching the surface (about 2mm). The scaffolds were put in the middle of 1cm-diameter 
plastic rings in order to flatten the surface of the CAM. Afterwards, the CAM assays were 
reincubated for 7 days until ID 15. Then, the CAM was fixed overnight by a 4% formalin 
solution in PBS (Kantonsapotheke Zurich, Switzerland). Afterwards the scaffolds together 
with the plastic rings were removed by cutting (ex vivo samples), and the scaffolds were 
embedded in paraffin. 
 
 Histological analyses 
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After deparaffinizing with xylene (2 x 10 min) and rehydrating the 3 μm paraffin sections 
(descending gradient of ethanol), they were differently stained: 
(a) by Sudan, hemalaun (analoguously to hematoylin-eosin (H&E) staining, with 
replacement of the eosin by Sudanred) in order to show the DP foam (red), the cells 
(pale blue) and the extracellular matrix (brownish), 
(b) by Masson Goldner Trichrome in order to show erythrocytes and EC (dark red), cell 
nuclei (black) and collageneous tissue (green), 
(c) by CD31 (abcam ab 28364, 330 Cambridge Science Park, Cambridge CB4 0FL,UK), 
von Willebrand factor (factor VIII, DAKO, 6341 Baar, Switzerland), in order to dis-
tinguish human EC from avian EC,  
(d) Von Kossa (5% aqueous AgNO3 15 min; washing with H2O; 5% Na2S2O3 2 min; 
Kernech-red-aluminosulfate 3 min) in order to estimate the degree of calcification, and 
(e) Alizarin Red staining in order to visualize bone like calcium depositions. 
 
Quantitative perfusion assessment using MRI 
 
Before MRI analyses, a volume of 100 μL of 0.01 M Gd-DTPA dimeglumin salt (Bracco 
Suisse SA, 6850 Mendrisio, Switzerland) was either applied i.v. (CAM assays, two objects 
with 5 observations each) or a volume of 20 μL of 0.01 M Gd-DTPA was carefully dripped 
onto the scaffolds (CAM assays, one object with 5 observations, and in vitro samples, one 
object with 5 observations). For background intensity determination, samples without Gd ap-
plication were measured (two objects with 5 observations each). 
 
All samples were imaged using a 4.7 T Bruker Pharma-Scan small animal MR system using 
Para Vision 5.0 software (Bruker BioSpin MRI, Ettlingen, Germany). After Gd-DTPA appli-
cation, fixation in formalin (4%) and retrieving the scaffolds surrounded by the plastic rings, 
Page 9 of 36 
Ti
ss
ue
 E
ng
in
ee
rin
g 
Pa
rt 
A
3D
 c
o-
cu
ltu
re
s o
f o
ste
ob
la
sts
 a
nd
 e
nd
ot
he
lia
l c
el
ls 
in
 D
eg
ra
Po
l f
oa
m
: H
ist
ol
og
ic
al
 a
nd
 h
ig
h 
fie
ld
 M
RI
 a
na
ly
se
s o
f p
re
-e
ng
in
ee
re
d 
ca
pi
lla
ry
 n
et
w
or
ks
 in
 b
on
e 
gr
af
ts 
(do
i: 1
0.1
08
9/t
en
.T
EA
.20
10
.02
78
)
Th
is 
ar
tic
le
 h
as
 b
ee
n 
pe
er
-re
vi
ew
ed
 a
nd
 a
cc
ep
te
d 
fo
r p
ub
lic
at
io
n,
 b
ut
 h
as
 y
et
 to
 u
nd
er
go
 c
op
ye
di
tin
g 
an
d 
pr
oo
f c
or
re
ct
io
n.
 T
he
 fi
na
l p
ub
lis
he
d 
ve
rs
io
n 
m
ay
 d
iff
er
 fr
om
 th
is 
pr
oo
f.
10 
 10
they were washed in PBS and put into a 38 mm RF volume resonator. The in vitro samples 
were also fixed in formalin and then washed with PBS for the measurement. Initial scout 
scans were used to position the samples in the iso-center of the MR system. T1-weighted im-
ages were acquired using the following sequences: T1-weighted multi-slice 2-dimensional 
fast spin echo sequence, so called rapid acquisition with relaxation enhancement: RARE (9 
slices, field-of-view (FOV) = 30 mm x 20 mm, slice thickness (STH) = 0.7 mm, matrix 
dimension (MD) = 200 x 133, spatial resolution (RES) = 150 μm x 150 μm, interslice distance 
(ISD) = 1.0 mm, echo time / effective echo time / repetition time (TE / TE,eff / TR) = 9.8 ms / 
39.2 ms / 1200 ms, RARE factor = 8, and number of averages (NA) = 4, total scan time = 
1min 17sec); T1-weighted 3D-RARE (FOV = 31 mm x 22 mm x 6 mm, MD = 256 x 184 x 5, 
RES = 120 μm x 120 μm x 120 μm, TE / TE,eff / TR = 8.5 ms / 8.5 ms / 1200 ms, RARE 
factor = 8, NA = 1, total scan time = 23 min). Quantitative T1- and T2-maps were acquired 
using a RARE sequence with variable repetition times: 2D-RARE-T1-T2-map 1 slice, FOV = 
30 mm x 15 mm, STH = 1.0 mm, MD = 300 x 150, RES = 100 μm x 100 μm, TE = 11.57 / 
34.72 / 57.85 / 80.99 / 104.13 ms, TR = 200 / 400 / 800 / 1500 / 3000 / 4500 ms, RARE factor 
= 2, NA = 1, total scan time = 9min 42sec). 
 
T1 and T2 relaxation times were determined at 3 regions of interest: (i) in the center of the 
scaffold, (ii) at the margin and (iii) at the interface of the CAM and the scaffold. The refer-
ence tube had a gadolinium concentration, [Gd], of 2.0 x 10-4 M. 
 
The longitudinal relaxation rate, R1, and Gd concentrations were calculated according to: 
 
1
1
1
T
R =        (eq. 1) 
and 
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[ ]GdrRR ⋅+= 1101       (eq. 2), 
 
where    R10  = baseline relaxation rate before contrast agent administration 
r1  =  molar relaxivity of contrast agent in s-1mole-1L 
[Gd]  = concentration of Gd in mol L-1 
 
 Statistics 
 
The data were analyzed with StatView 5.0.1. Statistical analysis of variance (ANOVA) was 
conducted to test the significance of differences between different seeding methods and be-
tween different Gd application forms (dripping, i.v. injection and no Gd application). Pairwise 
comparison probabilities (p) were calculated using the Fisher’s PLSD post hoc test. P values 
< 0.05 were considered significant. Values were expressed as means ± standard deviations if 
not otherwise stated.  
 
Results 
 
Histology 
 
The DP scaffolds were seeded by a culture of OB and EC, respectively, or by a mixture of 
both cell types and cultivated for 7 days in vitro. Histological cross-sections stained by Sudan 
/haemalaun showed that the co-culture of OB and EC leads to a better 3D growth into the 
scaffold material and to a higher production of matrix (Figure 1 a-d). 
 
Page 11 of 36 
Ti
ss
ue
 E
ng
in
ee
rin
g 
Pa
rt 
A
3D
 c
o-
cu
ltu
re
s o
f o
ste
ob
la
sts
 a
nd
 e
nd
ot
he
lia
l c
el
ls 
in
 D
eg
ra
Po
l f
oa
m
: H
ist
ol
og
ic
al
 a
nd
 h
ig
h 
fie
ld
 M
RI
 a
na
ly
se
s o
f p
re
-e
ng
in
ee
re
d 
ca
pi
lla
ry
 n
et
w
or
ks
 in
 b
on
e 
gr
af
ts 
(do
i: 1
0.1
08
9/t
en
.T
EA
.20
10
.02
78
)
Th
is 
ar
tic
le
 h
as
 b
ee
n 
pe
er
-re
vi
ew
ed
 a
nd
 a
cc
ep
te
d 
fo
r p
ub
lic
at
io
n,
 b
ut
 h
as
 y
et
 to
 u
nd
er
go
 c
op
ye
di
tin
g 
an
d 
pr
oo
f c
or
re
ct
io
n.
 T
he
 fi
na
l p
ub
lis
he
d 
ve
rs
io
n 
m
ay
 d
iff
er
 fr
om
 th
is 
pr
oo
f.
12 
 12
When placed for 7 days on the CAM, the scaffold is penetrated by vessels (Figure 2). In Fig-
ure 3a, avian cells grow into the scaffold (control, no cell seeding) and fill most of the pores 
of the DP foam. However, when the scaffolds were seeded with an OB culture, visibly fewer 
cells are found in the scaffold pores (Figures 3c). In the case of the EC culture (Figure 3b) and 
even more intensely in the case of the co-culture (Figure 3d), the pores of the scaffold are 
colonized by cells and filled with matrix. 
 
New vessels formed in the scaffold material can be visualized by a histological cross-section 
stained by Masson Goldner Trichrom showing erythrocytes and endothelial cells dark red, 
whereas cell nuclei are black. Here, the co-culture samples show significantly more avian 
erythrocytes (with black nuclei) in the pores of the scaffold compared to the control and the 
scaffold seeded with mono-cultures (Figure 4 a-d). Moreover, in the co-culture system, clear 
foreign matter granulates directly adjacent to the DP foam are visible originating from mono-
cyte or phagocyte fusions (foreign body reaction). 
 
The distribution of human EC within the scaffold after 7 days on the CAM was determined on 
histological cross-sections stained for human CD31 and von Willebrand factor (factor VIII). 
The visualization of human EC in the scaffold was disturbed by an unspecific staining of 
avian epithelia (Figures 5a and 5b). Nevertheless, some human EC could be clearly located in 
the tissue. 
 
Early bone formation was observed by means of calcification in the scaffold. Van Kossa 
stained histological cross-sections showed dark brown extracellular matrix emerging from 
osteoblasts (Figures 5c and 5d). Alizarin Red stained sections had intensely yellow-orange 
bone like calcium depositions (Figure 5e). Scaffolds without osteoblast seeding did not show 
any dark or orange-red areas, respectively (data not shown).  
Page 12 of 36
Ti
ss
ue
 E
ng
in
ee
rin
g 
Pa
rt 
A
3D
 c
o-
cu
ltu
re
s o
f o
ste
ob
la
sts
 a
nd
 e
nd
ot
he
lia
l c
el
ls 
in
 D
eg
ra
Po
l f
oa
m
: H
ist
ol
og
ic
al
 a
nd
 h
ig
h 
fie
ld
 M
RI
 a
na
ly
se
s o
f p
re
-e
ng
in
ee
re
d 
ca
pi
lla
ry
 n
et
w
or
ks
 in
 b
on
e 
gr
af
ts 
(do
i: 1
0.1
08
9/t
en
.T
EA
.20
10
.02
78
)
Th
is 
ar
tic
le
 h
as
 b
ee
n 
pe
er
-re
vi
ew
ed
 a
nd
 a
cc
ep
te
d 
fo
r p
ub
lic
at
io
n,
 b
ut
 h
as
 y
et
 to
 u
nd
er
go
 c
op
ye
di
tin
g 
an
d 
pr
oo
f c
or
re
ct
io
n.
 T
he
 fi
na
l p
ub
lis
he
d 
ve
rs
io
n 
m
ay
 d
iff
er
 fr
om
 th
is 
pr
oo
f.
13 
 13
 
 MRI 
 
 A simple check whether the permeability of a scaffold exceeds the perfusion by newly 
formed capillaries in the scaffold was performed by comparing MRI relaxation rates of 
dripped scaffolds (scaffolds on CAM as well as in vitro) and of scaffolds on CAM of a chick 
embryo that received 100 μL of 0.01 M Gd-DTPA i.v. (see schema in Figures 6a and 6b and 
MR image in Figure 6d). Compared to the dripped samples, a slightly higher Gd 
concentration resulting in a higher R1 value was detected in the centre of the scaffolds after i.v. 
application of Gd for all kind of seeded samples (control, mono-cultures, co-culture, Figure 7). 
These observations were made despite of the fact that the calculated maximum concentration 
of the dripped Gd (7 mM) would have exceeded the estimated i.v. blood concentration (0.5 
mM) by a factor of 14 assuming that all Gd had homogeneously diffused into the scaffold. 
 
The transport of Gd into the centre of the scaffold depended on the seeding. Figure 7 shows 
relaxation rates R1 indicating that the degree of perfusion to the centre of the construct de-
creases in the following relative order: co-culture > control ~ EC only > OB only. This is not 
only the case for the on CAM samples that were i.v. injected, but also for the on CAM samples 
that were dripped with Gd. For the in vitro samples, however, no significant differences were 
observed between the differently seeded scaffolds. 
 
In addition, a trend in the Gd distribution was observed when different regions of the scaffold 
were analyzed for Gd in the i.v. injected samples. Roughly, highest Gd concentrations were 
detected at the interface to the CAM, decreasing at the margin of the scaffold and being low-
est in the centre (Figure 6c, Figure 8). 
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Discussion 
 
Examination of a suitable (critical size) scaffold for bone reconstruction includes an estima-
tion of its perfusion capability in vivo as well as the distribution of capillaries in the scaffold 
as a function of different seeding strategies. In our study, we used DP foam as a scaffold for 
bone constructs. DP foam proved to be a suitable scaffold for seeding with cultures of a single 
cell type as well as co-cultures of OB and EC. The in vitro 3D cell in-growth after 7 days was 
more advanced for the co-culture system compared to the cultures of one cell type, which may 
be caused by the cell-cell interactions supporting proliferation of each cell type and the 
production of extracellular matrix. Fuchs et al. also report a stimulating effect with respect to 
vascularization by endothelial cells in the presence of primary osteoblast compared to cultures 
of one cell type [21]. 
 
The DP scaffolds placed on top of the CAM assay were abundantly covered and penetrated by 
vessels. While a co-culture of OB and EC promoted tissue building in the pores of the 
scaffold, probably by pre-engineering of capillary like structures, cultures of only one cell 
type (of OB as well as of EC) seemed to hinder vessel growth into the scaffold. The cultures 
of one cell type covered the surface of the scaffolds with a rather dense multilayer of cells. It 
seems to be difficult for avian vessels to penetrate such a layer. Thus, connection to pre-
formed capillaries was not possible in the case of the cultures of one cell type, because EC 
alone (without OB) were obviously not able to establish such structures during one week of 
culture.  As for the blank scaffold (no cells, control), it was penetrated by avian vessels and 
tissue, too, but to a lesser extent than the scaffold seeded by the co-culture. In this case, no 
hindering layer of cells had to be penetrated, but neither could the system benefit from a 
stimulating effect of a preformed capillary network as in the case of the co-culture. This was 
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an unexpected finding, because we anticipated an EC culture to foster vascularization 
compared to a mere scaffold.  
   
In order to apply MRI as an analytical tool and Gd-DTPA as contrast agent, the permeability 
of the scaffold for Gd was explored by dripping a Gd-DTPA solution on top of the scaffold 
(on CAM). The relaxation rate R1 for such a treatment was compared to R1 for i.v. application 
of Gd. Based on the ex vivo MRI measurements, it seemed that the transport of Gd from the 
chick embryo to the scaffold via capillaries was more pronounced than the diffusion of the 
Gd-DTPA into the pores of the scaffold. This was even the case in the control samples and 
supports the observed abundance of avian vessels grown into the scaffold material. 
 
MRI measurements of differently seeded scaffolds suggested that a mixture of both cell types, 
namely OB and EC, in a 3D co-culture lead to a higher perfusion capability after 1 week on 
the CAM compared to the mere scaffold (control). This implies that the co-culture induced 
capillary like structures in the scaffold and thus supported perfusion after docking to the 
vessels of the CAM. However, when seeding EC only, no such assisting effect was observed. 
In contrast, the cultures of EC lead to less perfusion than the control. This was even more pro-
nounced for the OB culture. An explanation for this unexpected finding is the lack of 3D cell-
cell interactions preventing the establishment of a pre-engineered capillary network. 
Compared to the control (no cells), the EC culture even hindered new vessel ingrowth from 
the CAM to the scaffold. 
 
In the case of the OB culture (no EC), the scaffold had a clearly visible dark cover in the MRI 
images. Moreover, von Kossa staining showed dark areas at the margins of these samples. 
Obviously, calcification had started, which prevented the avian vessels from growing into the 
scaffolds (barrier). Overall, the degree of blood perfusion to the centre of the scaffolds on the 
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CAM, quantified by the relaxation rates R1, decreased in the following relative order: co-
culture > control ~ EC only > OB only, which is in agreement with the findings of the 
histological cross-sections discussed above. These findings are in accordance with the results 
found by Yu et al.. They report a significant better vascularization of a bone graft that is 
preseeded with EC and then with OB compared to a mere OB culture: promotion of 
osteogenesis, prevention of ischemic necrosis and also improvements in biomechanical 
properties [7]. 
 
In addition, a trend in the Gd distribution was observed when different regions of the scaffold 
were analyzed for Gd in the i.v. injected samples (no statistical significance). The generation 
of vessels and the corresponding network seems to start at the interface, continuing via sur-
face to the centre. 
 
In order to estimate the [Gd] in the scaffold and compare it to the i.v. applied blood 
concentration, a Gd-DTPA relaxivity (measured for egg white at 1.5 T und 20°C), r1, of 5 
mM-1s-1 was used [22]. Other groups found a similar value for the same conditions, namely 
4.2 mM-1s-1 [23]. We are aware that the relaxivity at 4.7 T is lower, but data for 4.7 T were 
not available. This fact will be considered in the discussion of the estimated [Gd]. 
 
Differences between relaxation rates with i.v. application of Gd and background (no Gd ap-
plied), R1-R10, were determined for co-culture and control samples (no cells) and were statis-
tically significant. In addition, two control samples of increased size (1.5cm x 4mm x 3mm) 
were checked. For all samples (4 objects with 5 observations each; two being regular size, 
~30 mm2, and two large size, ~180 mm2), R1-R10 values were in the range of 0.1 and 1 s-1 (not 
included were OB only and EC only samples as perfusion was less pronounced).  
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Based on these findings, a mean value for R1-R10 of 0.5 s-1 was used for an estimation of the 
Gd concentration. Using equation 2, the estimated [Gd]scaffold was 0.1 mM. The maximal 
blood concentration, [Gd]blood, was estimated on the basis of the blood volume of the embryo 
at ID 15, being ~ 2 mL. Injection of 100 μL of 0.01 M Gd-DTPA leads to [Gd]blood of 0.5 mM; 
five times as much as estimated for an average perfused scaffold, which seems reasonable. 
Even if the real system relaxivity is smaller than 5 mM-1 s-1 by a factor of up to 5 and even if 
the permeability of the embryonic vessels was high (leading to a lower [Gd]blood), the 
[Gd]scaffold would be in the same order of magnitude as the [Gd]blood. It seems that the scaffold 
of co-culture samples and control samples were well penetrated by newly formed capillaries 
during the 1-week period on top of the CAM.  On the basis of the MRI measurements 
presented here, the tissue engineered constructs are perfused in the same order of magnitude 
as normal chick embryo tissue at ID 15. Hence, MRI of tissue engineered constructs seems to 
be a suitable imaging technique to quantify perfusion capability of early bone forming 
constructs. 
 
Embryonic avian development has been studied by MRI analysis [24]. In order to monitor 
bone formation of tissue engineered constructs connected to the in vivo CAM assay, MRI 
would be a beneficial analytical tool, but it is still a challenge up to date. Our ex vivo study is 
a first step towards perfusion studies of the in vivo CAM assay model by MRI. In early bone 
formation, MRI may be more suitable as analytical technique compared to micro-CT because 
the bone tissue is not yet highly developed and/ or locations of insufficient perfusion resulting 
in cartilage formation can be determined well as shown by the group of Batiste [25]. Further 
research is needed in this field. Moreover, the CAM assay is a cheap, established and reliable 
in vivo model which allows monitoring the angiogenesis in tissue engineered constructs by 
checking perfusion capability. Finally, screening a batch of different scaffold materials is 
facilitated and various seeding techniques are easily compared and evaluated. 
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Figure Captions 
 
Figure 1: In vitro samples after 7 days of cultivation, histological cross-sections stained by 
Sudan/ hemalaun, a. scaffold only, b. EC culture, c. OB culture and d. co-culture of OB and 
EC. The scaffold is shown in red, cells in light blue and the matrix in light brown. Magnifica-
tion is 100 x for all sections.  
 
 
Figure 2: DegraPol® scaffold after 7 days on the CAM, fixed by formalin. The arrow depicts 
one of the avian vessels penetrating the scaffold. Scale in cm. 
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Figure 3: Samples on CAM for 7 days, histological cross-sections stained by Sudan/ 
hemalaun, a. scaffold only, b. EC culture, c. OB culture and d. co-culture of OB and EC. 
Magnification is 100 x for all sections.  
 
Figure 4: Samples on CAM for 7 days, histological cross-sections stained by Masson Gold-
ner Trichrome, a. scaffold only, b. EC culture, c. OB culture and d. co-culture of OB and EC. 
Erythrocytes and EC are stained dark red, cell nuclei black and collagenous tissue light green. 
The scaffold material has no staining (white). In the co-culture system, the density of avian 
erythrocytes and EC is high (arrows). Magnification is 100 x for all sections.  
 
 
Figure 5: Samples on CAM for 7 days, all with co-cultures of OB and EC (except d), a. CD 
31 (white arrows specific staining, black arrow unspecific staining), b. von Willebrand factor 
VIII, c. Von Kossa staining, d. Von Kossa staining, OB culture, e. Alizarin Red staining. The 
dark brown extracellular matrix consisting of calcium compounds emerging from OB can be 
seen (black arrows in d) as well as the yellow-orange bone like calcium compounds (black 
arrow in e). A positive control of Alizarin-red for high calcification is shown in the bottom 
right corner of figure e. 
 
Figure 6: Schema of a) scaffold on CAM dripped with Gd-DTPA (green solution), b) scaf-
fold on CAM where Gd-DTPA was applied i.v. and c) generally determined distribution of 
the i.v. applied Gd in the scaffold: high concentration at the interface to the CAM (dark green), 
medium concentration at the margin of the scaffold and lowest concentration in the center 
(light green); d) MR image of co-culture samples. The round object in the upper left corner is 
the reference tube. 
 
 
Figure 7:  Relaxation rates R1 in s-1 for co-culture, control, OB culture and EC culture, 
measured in the centre of the scaffold. Key of the legend: on CAM i.v. means Gd was applied 
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i.v.; in vitro dripped means in vitro samples were dripped with Gd; on CAM dripped means 
the on CAM samples were dripped with Gd; on CAM no Gd means the on CAM samples 
were not treated with Gd. Error bars indicate standard deviations. One-way ANOVA was 
performed. Pairwise comparison probabilities, p, using the Fisher’s PLSD post hoc test were 
considered significant if p < 0.05. 
 
Figure 8: On CAM samples with i.v. application of Gd. Relative relaxation rates R1, relative 
to the value measured in the centre of the scaffold. For all samples, meaning co-culture, cul-
tures of one cell type and control, the same distribution pattern was observed, although the 
differences were not significantly different. Error bars indicate standard deviations of ROI 
(Region of interest set in MRI image analysis) of single measurements.  
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